Mutants of Arabidopsis thaliana (L.) Heynh. with altered regulation of starch degradation were identified by screening for plants that retained high levels of leaf starch after a period of extended darkness. The mutant phenotype was also expressed in seeds, flowers, and roots, indicating that the same pathway of starch degradation is used in these tissues. In many respects, the physiological consequences of the mutations were equivalent to the effects observed in previously characterized mutants of Arabidopsis that are unable to synthesize starch. One mutant line, which was characterized in detail, had normal levels of activity of the starch degradative enzymes a-amylase, ,6-amylase, phosphorylase, D-enzyme, and debranching enzyme. Thus, it was not possible to establish a biochemical basis for the phenotype, which was due to a recessive mutation at a locus designated sexl at position 12.2 on chromosome 1. This raises the possibility that hitherto unidentified factors, altered by the mutation, play a key role in regulating or catalyzing starch degradation.
The synthesis of starch has been intensively studied, and the properties and regulation of the enzymes involved are quite well understood. By contrast, knowledge of starch degradation is relatively rudimentary. Although many of the enzymes presumed to be involved have been studied in detail, the overall pathway has not been unequivocally defined (reviewed in refs. 2, 22, 23) . Similarly, although there is physiological evidence that starch degradation is regulated (e.g. ref. 6 , reviewed in ref. 23) , neither the enzymes involved nor the mechanism of the regulation has been identified.
Several inherent problems are associated with elucidating the starch degradative pathway. First, plants contain many different enzymes that can degrade starch or products derived from starch. Therefore, these enzymes cannot be characterized in detail until they have been purified away from the competing activities. Furthermore, the presumed intermediate products of starch degradation often can be derived, in principle at least, by alternate pathways. Thus, it is possible that there may be multiple starch degradative pathways operating in a given plant or that different plants may utilize different pathways. Second, many of the enzymes that are thought to be involved in starch degradation exist as multiple isoforms, which may have differing properties or roles in the plant (22) . Also, many of the well-studied presumptive starch degradative enzymes (e.g. a-and ,3-amylase and phosphorylase) are located primarily outside of the plastid (2) . Since leaf starch is synthesized and accumulates only inside plastids, the role of the abundant extra-chloroplastic forms of these enzymes in starch degradation is questionable. Finally, neither specific inhibitors nor mutations that block starch degradation have been described previously.
To facilitate the study of starch degradation, we have isolated a series of mutants of Arabidopsis thaliana that affect this process. One class of these mutants, described here, is highly deficient in starch degradation in leaves and at least partially deficient in other tissues. The presence of normal levels of activity of the enzymes thought to be associated with starch degradation suggests that this new class of mutants may be particularly useful in elucidating new information about the regulation of starch metabolism.
MATERIALS AND METHODS

Plant Material and Growth Conditions
The mutants were isolated from the Columbia WT4 Arabidopsis thaliana (L.) Heynh. following mutagenesis with ethyl methane sulfonate as described previously (5, 8) . Except where otherwise specified, all plants were grown at 22°C with fluorescent illumination of about 120 ,umol m-2 s-' (PAR) on a perlite:vermiculite:sphagnum (1:1:1) mixture irrigated with a mineral nutrient solution (8) . Mutant lines that had been backcrossed at least once to the WT and reselected in the resulting F2 generation were used for the physiological and biochemical experiments reported here. A more advanced line, designated TC265, constructed by backcrossing TC26 to the WT five times, is qualitatively similar to the once-backcrossed line on the basis of its starch content, growth rate, and morphology.
A line of Arabidopsis designated WI was obtained from Maarten Koornneef (Wageningen) . This line carries mapped mutations in the an, er, py, gll, cer2, and msl genes (12) .
Enzyme Assays
Fresh or frozen leaves were ground in ice-cold buffer and clarified by centrifugation (5 min at 14,000 g at 4°C), and the supernatant was used for enzyme assays. The grinding buffer was 50 mm Tris-Cl (pH 7.5), 5 mM MgCl2, 0.5 mM EDTA for starch synthase, and ADPglucose pyrophosphorylase. The grinding buffer for debranching enzyme was 50 mM Tris-Cl (pH 7.3), 4 mm CaCl2, 4 mM MgCl2, 4 mM MnCl2, and 10 mM DTT. All other enzymes were extracted in 100 mM TrisCl (pH 7.5). Amylase (16) , starch phosphorylase (13), Denzyme (15) , soluble starch synthase (9), ribulose bisphosphate carboxylase (20) , UDPglucose pyrophosphorylase (19) , ADPglucose pyrophosphorylase (13) , and acid invertase (5) were assayed as described previously. Debranching enzyme (pullulanase) was assayed in 50 mM Hepes-NaOH (pH 7.0), 4 mM CaCl2, 4 mM MgCl2, 4 mM MnCl2, 10 mM DTT, and 5 mg/mL pullulan. Reducing sugars produced were measured with dinitrosalicylic acid reagent (21) . Protein concentration was determined with bicinchoninic acid (Pierce Chemical Co.) using BSA as a standard.
Zymograms
Plants were grown in a greenhouse for 3 weeks, then placed in growth cabinets in a 12 h photoperiod at 23°C. Twelve days later, plants were harvested, frozen in liquid N2, and stored at -80°C until use. Plants were harvested 8 h after the beginning ofthe photoperiod. For (10) . The ethanol-insoluble residue was assayed for starch as described previously (13) . Glucose derived from the digested starch was analyzed enzymatically using hexokinase and glucose-6-P dehydrogenase (10) . Quantitative hydrolysis of the starch to glucose under these conditions was confirmed by the complete hydrolysis of amylopectin added to the sample solution.
RESULTS
Isolation of Mutants
Mutants with altered regulation of starch degradation were isolated from a mutagenized M2 population ofArabidopsis in two ways. Since it was considered possible that a plant unable to degrade starch might be (5, 13, 14) . A single mutant line, designated TC26, isolated from 577 M2 plants screened in this way, showed no detectable starch degradation during the 72-h dark period. Figure 1 shows a reconstruction experiment in which the WT and TC26 were grown in identical conditions to those used for screening of the mutants as described above. The leaves were removed and stained with iodine at the end of each step.
The second screening approach did not involve any precau-WT TC26 WT plants grown with a photoperiod have very low levels of starch at the end of a dark period (5, 13, 14) . Thus, the amount of starch in WT leaves during the photoperiod largely reflects the rate of synthesis during that photoperiod. By contrast, the results in Figure 2 show that at the end of a photoperiod the mutant has relatively high levels of residual starch. Thus , respectively. This increase was so marked in the WT that at 2% CO2 and 400 ,Amol m-2 s-', the WT accumulated more starch the mutant. The basis for the greater effect of CO2 on the WT than TC26 is not known and will require a detailed analysis of the photosynthetic characteristics of the mutant. However, the overall conclusion from these results of growth in varying light and CO2 conditions is that the starch content in TC26 leaves is determined by a mechanism that is sensitive to environmental conditions.
Genetic Analysis
The genetic basis for the lack of starch degradation in the mutant lines TC26, TL50, TL52, and TL54 was determined by crossing each with the WT and with the other mutants.
The resulting F, and F2 progeny were scored for the presence or absence of high levels of leaf starch following a 12 h dark period. Qualitative starch assays using the iodine stain showed that all F, individuals produced by crossing the WT with the mutants were able to degrade starch. The F2 progeny from a cross ofTC26 x WT gave a ratio ofWT to mutant phenotypes of 3.4, which is a satisfactory fit to the 3:1 hypothesis (X2 = 0.34, P = 0.56). Taken together, these results are consistent with the starch degradation phenotype in TC26 being caused by a single, recessive, nuclear mutation. We have designated the gene identified by this mutation sexi (starch excess) and the allele contained in TC26 as sexl-l. When TL52 was crossed with TC26, all of the F, and F2 plants were unable to degrade starch, indicating that the mutation in TL52 is an allele of the sexl gene (allele designated sexl-2). In contrast, F, plants from crosses of TC26 with TL50 and TL54 were able to degrade starch, indicating that the mutations in these lines are in other genes, provisionally named sex2 in TL50 and sex3 in TL54 pending further characterization. The sex mutants were designated by the provisional gene symbol sop in an earlier publication (4).
The sexi gene was mapped by crossing TC26 with the multiply marked line W1 and scoring the phenotypes of 322 F2 individuals. Analysis oflinkage of sexi to the chromosome 1 marker an (phenotypic classes: an+/sexlJ = 171; an+/sexl-= 68; an-Isexl+ = 82; an-Isexl-= 1) indicated that they were closely linked (contingency x2 = 27.2; P > 0.001). The recombination frequency between sexi and an was determined to be 12.2 ± 5.5% using the Linkage-l microcomputer program (24) . Since an is the most distal marker yet found on the relatively well-marked area of this chromosome (12) (Fig. 3) . The increased amount of starch in the anthers of the mutant was visible throughout these tissues but was always most heavily localized in a distinct zone where the antherjoins the filament (Fig. 3A) . Similarly, flower petals of the mutant contained high levels of starch that was primarily localized in the basal half, whereas the petals in the WT contained little or no starch (results not presented). In the WT, starch accumulated to high levels in the columella cells of the root cap but was nearly absent in the cells that were detaching from the cap ( Fig. 3B; ref. 3 the detaching cells retained large amounts of starch (Fig. 3C) . In addition, the body of the root of the mutant contained higher levels of starch than the WT (results not presented).
When seeds were stained for starch at various times during development, there were no differences until relatively late in development when the starch content of the WT declined but the mutant did not (Fig. 4) . This developmental pattern of starch content in the WT is similar to that observed in the closely related mustard Brassica napus (18) , in which starch initially accumulates in developing seeds and is then degraded later in development when lipids and proteins are synthesized. The starch in the mature seeds of the mutant accumulated to high levels (4.3 mg/g fresh weight in TC26 seeds versus undetectable levels in WT seeds) and was present in both the seed coat (testa) and the embryo. The seed coat is a maternal tissue, and in reciprocal crosses between TC26 and the WT, the presence of starch in the seed coat was dependent on the genotype of the maternal parent (results not shown).
Thus, in addition to photosynthetic leaftissue, a wide range of nonphotosynthetic tissues utilize the sexi gene product for starch degradation. The absence of starch in these tissues in the WT presumably reflects the fact that the starch synthesized in these tissues is normally rapidly turned over.
Biochemical Analysis
In an effort to identify the enzymatic basis of the inability ofTC26 to degrade starch, the activities of four starch degrading enzymes and five other enzymes associated with starch and sucrose metabolism were measured in the mutant and WT. The results (Table II) show that activity for phosphorylase, D-enzyme, and debranching enzyme (pullulanase) was present in the mutant at about the same levels as in the WT.
As described previously (4) , the level of total amylase activity was equal to or higher than the WT, depending on the growth conditions. Since this elevated activity occurs in starchless mutants as well as in TC26, it must be a secondary effect of the altered carbohydrate metabolism caused by these (4, 16) , an amylase zymogram was run to determine whether any isoforms were absent in TC26. Figure 5 shows that each ofthe forms present in the WT is also present in TC26 in approximately equal activities. Previous studies have shown that the a-amylase designated Al (Fig. 5) is the only detectable chloroplast amylase (16) . Since the mutant and the WT exhibited similar levels of activity ofthis enzyme on zymograms of three independent extracts (Fig. 5 and results not presented), it seems unlikely that a defect in this activity can account for the mutant phenotype.
Many plants contain multiple isozymes of phosphorylase (22) . Therefore, to assess the possibility that a deficiency in a specific isozyme could be responsible for the mutant phenotype, the activity was measured on zymograms. The results of this analysis indicated that both mutant and WT Arabidopsis have two isoforms (Fig. 5) , and that the mutant had at least as much activity as the WT.
Effects of the Mutation on Sugar Metabolism
In addition to starch, the soluble sugars represent the other major transitory storage form ofcarbon in Arabidopsis leaves. Figure 6 shows the soluble sugar levels in leaves of the WT and TC26 when grown in a 12-h photoperiod and then placed in an extended dark period. During the first 4 h of the photoperiod, the mutant accumulates sugar more rapidly that the WT. However, later in the day, sugar accumulation stops in the mutant but continues at a uniform rate in the WT such that, by the end of the day, the sugar content in the WT and mutant leaves is comparable. This rapid rise and subsequent plateau in sugar content in the mutant is probably caused by the lack of starch synthesis (see Fig. 2 ) as a sink for recently fixed carbon. The comparable sugar content at the end of the day contrasts with the results of similar comparisons of the WT and a starchless mutant deficient in phosphoglucomutase activity (5) in which soluble sugar levels were found to be greatly increased during the photoperiod. This may be related to the fact that the experiments reported here were conducted using plants grown at higher light intensities than in previous experiments. Light intensity apparently exerts an effect on the amount of soluble sugars that accumulate in the starchless mutants (M. Stitt, personal communication). There were no significant differences in the soluble sugar levels between mutant and WT during the normal or extended period of darkness.
Effects of the Mutation on Growth
The mutants TC26 and TL52 are both healthy and vigorous. However, their growth rate relative to the WT is dependent on the photoperiod under which they are grown. When grown in a 12-h photoperiod, TC26 grows much more slowly than the WT (Fig. 7A) . In contrast, when grown in continuous light, TC26 has a growth rate and overall appearance indistinguishable from the WT (Fig. 7B) . The independently isolated allelic mutant TL52 has qualitatively identical growth responses to photoperiods as TC26, which confirms that the effects on growth rate are due to mutations in the sexi locus.
This effect of photoperiod on growth rate is similar to that previously observed for starchless mutants deficient in either phosphoglucomutase (5) or ADPglucose pyrophosphorylase (13) .
DISCUSSION
To facilitate the study ofthe pathway of starch degradation, we have isolated mutants with altered regulation of this process. The first of these mutants to be analyzed, TC26 and TL52, had a low rate of starch depletion in leaves, either during a normal 12-h dark period or an extended 72-h dark period. In contrast, the WT completely depleted its starch reserves by the end of the normal 12-h photoperiod. In addition, the mutation affected starch content (presumably via an effect on starch degradation) in roots, flowers, and seeds, suggesting that these organs share with leaves a common step in starch degradation. Despite this deficiency in a primary energy and carbohydrate releasing pathway, the mutants were vigorous and completely fertile. This is consistent with the conclusions of studies with starchless mutants of Arabidopsis (5, 13) and tobacco (7) that starch is not required for plant growth or development in controlled growth conditions. The low level of starch degradation in the sex mutants was associated with a reduced growth rate in a 12-h photoperiod, relative to the WT, whereas the growth rate of the mutants in continuous light was the same as the WT. It is unlikely that the over-accumulation of starch per se is directly responsible for this decreased growth rate since even in continuous light, where the mutant grows as rapidly as the WT, the mutant accumulates more starch. Furthermore, a similar effect of photoperiod on growth rate is observed in the starchless Arabidopsis mutants (5, 13) . Rather, since the starch pool in TC26 is essentially at equilibrium-having neither net synthesis in the light nor net degradation in the dark-it is effectively eliminated as a diurnal carbohydrate storage pool that can act as a buffer for other cellular metabolites. The result is that the starch degradation mutants TC26 and TL52 (Table I) . However, the starch levels in the mutant, as in the WT, are sensitive to environmental factors (irradiance and CO2 concentration) that affect photosynthesis. Thus, the amount of starch accumulated in the leaves of the mutant is not the maximum that an Arabidopsis leaf can accumulate. The fact that net starch synthesis ceases in the mutant at these relatively modest levels is most easily explained by the existence of a system that modulates starch synthesis in response to the size ofthe starch pool. That is, we propose that as the starch pool progressively increases in size because of the lack of starch degradation, the starch synthesis rate progressively drops due to the proposed regulatory system. Eventually, the starch pool reaches a level at which starch synthesis is largely or completely inhibited. However, the implications of this heuristic model conflict with results obtained previously with a leaky starch synthesis mutant ofArabidopsis (14) . When grown in continuous light, this mutant accumulated only 40% as much starch as the WT. To explain this observation, we previously proposed the existence of a system that measures the total capacity for starch synthesis, rather than the size of the starch pool as proposed above, and then regulates synthesis and degradation to achieve an overall regulation of starch accumulation. A resolution of this apparent contradiction is not obvious. It 
